The presence and dissemination of antibiotic residues, antibiotic resistance genes and zoonotic bacteria in the environment is of growing concern worldwide. Manure management practices, such as biological removal of nitrogen from swine manure, may help to decrease levels of antibiotic residues, antibiotic resistance genes and zoonotic bacteria present in manure before fertilization, thereby reducing environmental contamination. Therefore, the aim of this study was to monitor the presence and fate of seven antibiotic residues (colistin, sulfadiazine, trimethoprim, doxycycline, oxytetracycline, ceftiofur and tylosin A), nine antibiotic resistance genes (tet(B), tet(L), tet(M), tet(O), tet(Q), tet(W), erm(B), erm(F) and sul2) and two zoonotic bacteria (Salmonella Typhimurium and Campylobacter coli) during biological nitrogen removal from swine manure over time. Samples from the raw manure, the solid fraction, the liquid fraction and the storage lagoon were analyzed on two farms at six time points with an interval of two weeks. Only the antibiotics which were used during the three months preceding the first sampling could be detected before and after biological nitrogen removal from swine manure. Of all the antibiotics studied, doxycycline was recovered in all of the samples and sulfadiazine was recovered in most samples on both farms. For both antibiotics, there appears to be a reduction of the amount of residues present in the storage lagoon compared to the liquid fraction, however, this reduction was not statistically significant. A significant reduction of the relative abundances of most of the antibiotic resistance genes studied was observed when comparing the liquid fraction and the storage lagoon. For tet(L), no differences were observed between the fractions sampled and for sul2 and erm(F), a significant increase in relative abundances was observed on the second farm sampled. For the zoonotic bacteria, a reduction of at least 1 log was observed after biological nitrogen removal from swine manure. The results indicate that the concentration of certain antibiotic residues and several antibiotic resistance genes and the amount of zoonotic bacteria present in the manure may be reduced in the end product of the biological nitrogen removal from swine manure. Coördinatiecentrum Mestverwerking, 2017). For the biological removal https://doi.
Introduction
In Flanders (the northern part of Belgium), a total of 126.7 kt of nitrogen (N) from animal manure was produced in 2016. This manure is mostly used to fertilize grasslands and maize, and to a lesser extent for vegetables (Vlaamse Landmaatschappij, 2017) . So far, the guidelines for the use of manure have been based on the limitation of the environmental input of nitrates (The Nitrates Directive ND-91/676/EEC) (European Commission, 1991) . To reduce the leaching of nitrates by overfertilization, a part of the manure is treated. Besides the northern part of Belgium, other countries such as the Netherlands, France, Germany, etc. also treat part of the produced manure. In Europe, 6.4% of the total manure production was treated through anaerobic digestion in 2010, making this the most used technique. Treatment of the liquid fraction, as occurs during biological removal of nitrogen from manure, accounted for 0.7% of the total livestock production in Europe . As Flanders is listed as a Nitrate Vulnerable Zone (NVZ), this region in Belgium struggles with a significant N surplus and therefore biological removal of nitrogen is a typically used system as anaerobic digestion still leaves an effluent with high N content (Bortone, 2009; European Commission, 2018) . In Flanders, a total of 44.1 kt N was treated in 124 plants and biological removal of nitrogen was the most used technique to process swine manure in 2016 (Vlaams of nitrogen from manure, a process of about 35 days is needed. The raw manure first goes into the centrifuge where it is separated in a solid and a liquid fraction. The solid fraction is mostly composted and/or exported and the liquid fraction undergoes the biological nitrogen removal. This is a process of nitrification and denitrification which can be separated in space or in time. During nitrification, ammonium (NH 4 + ) is converted to nitrate (NO 3 -) by nitrifying bacteria in the presence of oxygen. During denitrification, denitrifying bacteria use the oxygen attached to the nitrate molecule for respiration, creating nitrogen gas as a byproduct (Bernet and Béline, 2009; Flotats et al., 2011) . This nitrogen gas bubbles out of the liquid fraction and the end-product, the effluent, goes to a sedimentation tank for an additional sedimentation step. Finally, the upper liquid layer which can be used as a potassium fertilizer is stored in the lagoon until use. The sludge can be re-used in the process to maintain the bacterial culture in the biological treatment plant. In addition to the nitrogen and phosphorus removal, a large decrease of the greenhouse gas methane was shown when biological treatment is applied compared to the traditional storage of manure before spreading (Bernet and Béline, 2009) .
Besides the aforementioned environmental issues related to the use of manure, there is a growing concern about the occurrence and dissemination of antibiotic residues into the environment as they may give rise to the emergence of antibiotic resistance and they may be taken up by crops which can be used for animal or human consumption Dolliver et al., 2007; Kumar et al., 2005a Kumar et al., , 2005b . Due to antibiotic administration in intensive pig farming, antibiotic resistance selection and transfer can occur in the gastrointestinal tract of pigs. Antibiotic resistant bacteria are excreted in the feces together with antibiotic residues and may enter the environment upon fertilization where the fecal bacteria are disseminated and may exchange resistance genes with soil bacteria and the antibiotic residues may select for more antibiotic resistant bacteria. It has been reported previously that depending on the antibiotic used, 30-90% of the administered antibiotics are excreted unchanged in the urine or the feces whereupon they may enter the environment (Kumar et al., 2005a (Kumar et al., , 2005b Sarmah et al., 2006) . Additionally, there is also concern for the dissemination of zoonotic bacteria when using animal manure to fertilize the arable lands as it may contain pathogenic microorganisms such as Campylobacter spp. and Salmonella spp. of which Campylobacter coli and Salmonella Typhimurium are common species/serotypes found in pigs (Bui et al., 2011; Gebreyes and Altier, 2002) . This can especially be a problem when cultivating ready-to-eat crops as it has been reported that some pathogenic bacteria can survive for several months in the environment (Hutchison et al., 2005) . In addition, Salmonella Typhimurium was frequently found to be multiresistant in swine isolates and the resistance to the multiple antimicrobials is transferrable as they are located on a plasmid (Gebreyes and Altier, 2002; Sisak et al., 2006) . The main risk for human and animal health are resistant pathogenic bacteria but it is becoming clear that commensal bacteria, such as E. coli, can act as a reservoir for resistance genes which can in turn be transferred to pathogenic bacteria (Patterson et al., 2007; Sharma et al., 2016) . To the best of our knowledge, no data are available on the fate of antibiotic residues and antibiotic resistance genes and little information is available on the fate of zoonotic bacteria during nitrogen removal from swine manure (Riaño and García-González, 2014; Vanotti et al., 2005; Viancelli et al., 2013) .
Therefore, the aim of this research was to assess whether biological nitrogen removal from swine manure has an influence on the occurrence and fate of a selection of antibiotic residues, antibiotic resistance genes and zoonotic bacteria.
Materials and methods

Sample collection
Samples were collected from different stages of the biological nitrogen removal from swine manure at six different time points with a two week interval between two samplings. The sampling was carried out on two different swine farms in the spring of 2016 and the winter of 2017 in Flanders. On both farms, only swine manure produced on the farm itself was used in the manure treatment. This allowed monitoring of the antibiotics used on the respective farms. The pigs on the first farm were treated with doxycycline (DOX), sulfadiazine (SDZ), trimethoprim (TMP) and tylosin (TYL) during the three months preceding the first sampling. On the second farm the same antimicrobials were used, with the exception of tylosin.
At each time point, approximately five liters were collected from the raw manure, the solid fraction, the liquid fraction and the storage lagoon. Upon arrival in the lab, subsamples were taken and stored at −80°C for further analysis of the antibiotic residues and at 4°C for DNA-extraction which was carried out within 72 h after sampling. The bacteriological analysis of the samples was carried out the same day.
Quantification of antibiotic residues
Reagents and materials
Acetonitrile (MeCN, LC-MS grade) and formic acid 99% (FA, ULC-MS grade) were purchased from Biosolve B.V. (Valkenswaard, The Netherlands). Ammonium formate and trichloroacetic acid (TCA, analytical grade) were purchased from Sigma-Aldrich (Diegem, Belgium). Ultra-pure water was obtained by a Milli-Q system from Millipore.
The reference standards of ceftiofur, sulfadiazine, tylosin tartrate, roxithromycin (I.S.), trimethoprim, doxycycline hyclate, oxytetracycline hydrochloride, methacycline hydrochloride (I.S.), colistin sulfate and the polymyxin B solution (I.S.) were purchased from Sigma-Aldrich (Diegem, Belgium). Sulfadimethoxine-13 C 6 (I.S.) and trimethoprim-d 9 (I.S.) were purchased from WITEGA Laboratorien Berlin-Adlershof GmbH (Berlin, Germany) and ceftiofur-d 3 hydrochloride (I.S.) was purchased from Toronto Research Chemicals (Toronto, Canada).
Polyvinylidene fluoride (PVDF) filters were purchased from Merck-Millipore (Carrigtwohill, Ireland), polypropylene (PP) tubes and PP inserts were procured by Novolab (Geraardsbergen, Belgium) and Grace Alltech associates inc. (Lokeren, Belgium), respectively.
Liquid chromatography-mass spectrometry
The liquid chromatographic system consisted of an Acquity UPLC Hclass system (Waters). Separation was achieved on a reversed-phase Kinetex C 18 column (100 mm x 2.1 mm i.d., 1.7 µm) with a SecurityGuard Ultra guard cartridge system (Phenomenex). The mass spectrometric equipment consisted of a Xevo TQ-S (Waters) equipped with a Z-spray system. The conditions were described previously by Van den Meersche et al. (2016) .
Sample extraction and quantification
The concentration of the different antibiotic residues (colistin, sulfadiazine, trimethoprim, doxycycline, oxytetracycline, ceftiofur and tylosin A) in each sample was determined as described previously by Van den Meersche et al. (2016) for the raw manure and the liquid fraction (Van den Meersche et al., 2016) . For the solid fraction and the fraction sampled from the storage lagoon, a standard addition was used instead of a matrix-matched calibration curve as these samples were too dissimilar from the raw manure samples used for the calibration curve.
Quantification of antibiotic resistance genes
DNA-extraction
The DNA extraction was carried out within 72 h after arrival in the lab. DNA was extracted from 0.25 g of each sample using the PowerSoil DNA isolation kit (MoBio, Carlsbad, CA, USA) following the manufacturer's instructions. For the storage lagoon samples, 50 ml of sample was centrifuged and 0.25 g of the pellet was used in the DNA extraction. DNA quantity and quality were determined with the NanoDrop® ND-1000 (Thermo Scientific) and the Quantus™ fluorometer (Promega).
Quantitative real-time polymerase chain reaction (qPCR)
The abundances of nine antibiotic resistance genes belonging to three different antibiotic classes (tet(B), tet(L), tet(M), tet(O), tet(Q), tet (W), erm(B), erm(F) and sul2) and the 16 S rRNA gene were quantified in each sample using qPCR. The studied resistance genes belong to different antibiotic classes and include different mechanisms of resistance. The tetracycline resistance genes can be divided in two categories based on the mechanism of resistance: genes encoding efflux pumps (tet(B) and tet(L)) and genes encoding for ribosomal protection proteins (tet(M), tet(O), tet(Q) and tet(W)). The efflux pump genes are associated with plasmids and the genes for ribosomal protection proteins are usually found on conjugative transposons, with the exception of tet(O) which has also been associated with plasmids. The genes for ribosomal protection proteins and tet(L) are predominantly present in Gram-positive bacteria, however, they may also be present in Gramnegative genera whereas tet(B) is the most widely distributed efflux pump gene among Gram-negative bacteria (Patterson et al., 2007; Roberts, 2012) . All of these tetracycline resistance genes are abundantly found in fecal matter and confer resistance to doxycycline, an antibiotic used on both farms (Aminov et al., 2001; Chopra and Roberts, 2001; Patterson et al., 2007; Peak et al., 2007; Roberts, 2012) . Sul2 was selected as a representative for the sulfonamide resistance genes as it is predominant in swine manure (Heuer et al., 2009 ). Finally, erm(B) and erm(F) were selected for the macrolide resistance genes as they are the most abundant ones and they are commonly associated with swine wastes (Knapp et al., 2010; Patterson et al., 2007) . These resistance genes are located on conjugative or nonconjugative transposons and have been linked to tet(M) and tet(Q), respectively (Roberts et al., 1999) . Previously published primers and probes for these resistance genes were BLASTed and aligned with several GenBank sequences to ascertain whether they were located in conserved regions of the respective resistance genes (Table 1) . Subsequently, a plasmid (for the 16S rRNA gene) (IDT, Coralville, IA, USA) and two gBlock® gene fragments (one for the tetracycline resistance genes and one for the sulfonamide and macrolide resistance genes) (IDT, Coralville, IA, USA) were designed containing the consecutive sequences of interest separated by ATAT and were used as standards for quantification purposes. These gBlock® gene fragments and the plasmid were also used to optimize the concentrations of the primers and probes for the selected resistance genes. All primers and probes were ordered from IDT (IDT, Coralville, IA, USA). An efficiency of 90-110% and a linearity (R 2 ) of at least 0.985 were aimed for. The presence of inhibitory substances in the DNA samples prepared from the different matrices was assessed by analyzing three consecutive 1:10 dilutions of the samples by qPCR and comparing their threshold values. If no inhibitory substances are present, the difference in threshold values between two consecutive dilutions should be the same (between 3.1 and 3.58). These experiments revealed that for the resistance genes a 10-fold dilution (1000-fold for tet(M)) and for the 16S rRNA gene a 100-fold dilution of each DNA extract had to be used in the qPCR to avoid reaction inhibition and/or to fall in the range of the standard curve. qPCR analyses were performed using a LightCycler® 480 System (Roche). Total 16 S rRNA gene abundance and the abundances of the two macrolide resistance genes (erm(B) and erm(F)) and the sulfonamide resistance gene (sul2) were quantified using SYBR® Green technology. Each reaction mixture consisted of 12.5 µl of SsoAdvanced™ Universal Inhibitor-Tolerant SYBR® Green Supermix (Bio-Rad, Temse, Belgium), the appropriate concentration of each primer (Table 1) , 5 µl of DNA template and sterile water to create a reaction volume of 25 µl. For the amplification of the target genes, an activation step of 10 min at 95°C was followed by 30 or 40 cycles (for the 16S rRNA gene and the macrolide and sulfonamide resistance genes, respectively) of 15 s at 95°C and 1 min at 60°C. The specificity of the reaction products was assessed by melting curve analysis. This was performed by gradually increasing the temperature with 0.1°C/sec to 95°C, with acquisition of data every 2 s. The abundances of the six tetracycline resistance genes, tet(B), tet(L), tet(M), tet (O), tet(Q) and tet(W), were quantified using TaqMan™ Assays. The primers and ZEN™ Double-Quenched Probes are listed in Table 1 . DNA template (5 µl) was added to the reaction mixture containing the appropriate primers and probe, 12.5 µl TaqMan® Environmental Master Mix 2.0 (Applied Biosystems, Foster City, CA, USA) and sterile water to create a reaction volume of 25 µl. The tetracycline resistance genes were amplified by an activation step of 10 min at 95°C, followed by 40 cycles of 15 s at 95°C and 1 min at 60°C. Within each run, a standard curve was constructed in duplicate using a 10-fold serial dilution of the appropriate plasmid or gBlock® gene fragment (see above), with a range of 10-10 5 gene copy numbers for the resistance genes and 10 3 -10 7 gene copy numbers for the 16S rRNA gene, for quantification purposes. The relative abundances of the different antibiotic resistance genes were calculated by dividing the abundance of the respective gene by the 16S rRNA gene abundance. This normalization was carried out to account for differences in extraction efficiency and in total bacterial number.
Detection of zoonotic bacteria and E.coli
Reagents and materials
Buffered peptone water (BPW) (CM0509), Bolton Broth (CM0983), modified Bolton Broth selective supplement (SR0208E), Ringer solution tablets (BR0052), modified Semi-solid Rappaport Vassiliadis medium Base (MSRV) (CM0910), MSRV selective supplement (SR016E), Xylose-Lysine-Desoxycholate Agar (XLD) (CM0469), Campylobacter Blood-Free Selective Agar (CCDA) (CM0739) and CCDA selective supplement (SR0155E) were purchased from Oxoid (Basingstoke, UK). RAPID' E.coli 2 agar (356-4024) was purchased from BioRad (Marnes-la-Coquette, France). Defibrinated horse blood (DHB100) was purchased from International Medical products (Oudergem, Belgium).
Detection of Salmonella
Detection of Salmonella spp. was carried out according to the ISO 6579-1:2017E protocol with minor modifications (Anonymous, 2017). For the raw manure and the solid fraction samples, 99 ml of BPW were added to 11 g of sample. For the liquid fraction and the storage lagoon samples, 55 ml of double concentrated BPW were added to 55 g of sample. After homogenization, three consecutive 1:10 dilutions of the samples were prepared. The samples and the dilutions were then incubated at 37 ± 1°C for 18 ± 2 h. Subsequently, 3 drops of the preenrichment culture were inoculated on MSRV agar plates supplemented with MSRV selective supplement and incubated at 41.5 ± 1°C for 24 ± 3 h. Negative plates were incubated for an additional 24 ± 3 h. From the positive plates, a ten microliter loop from the edge of the migration zone was inoculated on XLD and incubated at 37 ± 1°C for 24 ± 3 h. Presumptive Salmonella colonies were further confirmed by means of a multiplex Salmonella and Salmonella Typhimurium polymerase chain reaction (PCR) as described by Aabo et al. (1993) and Lin and Tsen (1999) , respectively (Aabo et al., 1993; Lin and Tsen, 1999) .
Detection of campylobacter
For the raw manure and the solid fraction samples, 99 ml of Bolton Broth were added to 11 g of sample. For the liquid fraction and the storage lagoon samples, 55 ml of double concentrated Bolton Broth were added to 55 g of sample. After homogenization, three consecutive 1:10 dilutions of the samples were prepared and samples and dilutions were incubated under microaerobic conditions (85% N 2 , 10% CO 2 , 5% O 2 ) in a Forma Series II 3110 Water-Jacketed CO 2 incubator (Thermo Scientific, Waltham, MA) at 41.5°C for approximately 24 and 48 h. After 24 h of enrichment, 10 µl of the culture was plated on CCDA plates supplemented with CCDA selective supplement (mCCDA). The plates were incubated under microaerobic conditions at 41.5°C for approximately 24 and 48 h. If no growth of Campylobacter was observed after 24 h, 10 µl of the enrichment incubated for 48 h was plated on mCCDA plates. These plates were also incubated under microaerobic conditions at 41.5°C for approximately 24 and 48 h. Colonies of presumptive Campylobacter were confirmed by means of a multiplex Campylobacter jejuni and Campylobacter coli PCR as described previously by Linton et al. (1997) .
Enumeration and detection of E.coli
For the enumeration of E. coli, a 1:10 dilution series of the original samples with BPW was performed in Ringer's solution. Of the original samples and the dilutions, 100 µl was plated on RAPID' E. coli 2 plates and incubated at 44°C for about 24 h. As for some samples enumeration was not possible, detection of E. coli after enrichment was also carried out. Therefore, 10 µl of the pre-enriched samples and dilutions with BPW (Section 2.4.2) were plated on RAPID' E. coli 2 plates and incubated at 44°C for about 24 h. E. coli can be considered as representative for Gram-negative bacterial species of the commensal microbiota of livestock (Hanon et al., 2015) .
Statistical analysis of the data
Normality of the residuals was assessed by means of histograms and Q-Q plots. A log transformation of the data was carried out for the selected resistance genes in order to achieve normality. Linear regression models were fitted with the different antibiotic resistance genes and antibiotic residues (tet(B), tet(L), tet(M), tet(O), tet(Q), tet(W), ermB, ermF, sul2, doxycycline and sulfadiazine) as dependent variables and farm and fraction sampled (raw manure, solid fraction, liquid fraction and storage lagoon) and the interactions between the two variables as independent variables. Statistical significance was considered at P-values ≤ 0.05. Analyses were performed with R (version 3.4.1, Vienna, Austria).
Results
Quantification of antibiotic residues
With regard to the antibiotic residues, only the antibiotics which were used during the three months preceding the first sampling could be detected before and after biological nitrogen removal from swine manure. Oxytetracycline, ceftiofur and colistin were indeed not recovered in any of the samples analyzed. Tylosin was only recovered in two samples on the first farm, once in the raw manure and once in the liquid fraction (data not shown). As mentioned by Van den Meersche et al. (2016) , exact quantification could not be carried out for this compound due to high measurement uncertainty but estimates of the concentrations were in the range of 20 µg kg −1 (Van den Meersche et al., 2016) . Trimethoprim was found in the solid fraction only on both farms but was almost always present below the limit of quantification (data not shown).
Sulfadiazine and doxycycline were present in the different stages of the biological manure treatment on both farms. The results for the individual farms are presented in Table 2 . For both doxycycline and sulfadiazine, the results were somewhat divergent between farm one and farm two which were sampled in spring and in winter, respectively. However, the main trends are similar. For doxycycline, the concentrations on the first farm were ranging from 66.0 to 7744.6 µg kg −1 , 1058.0-14496.8 µg kg −1 , 124.6-2540.8 µg kg −1 and 13.5-364.6 µg kg −1 for the raw manure, the solid fraction, the liquid fraction and the storage lagoon, respectively. For the second farm, they ranged from 103.7 to 963.0 µg kg −1 , 2450.4-3500.3 µg kg −1 , 52.6-109.7 µg kg −1 and 38.9-299.1 µg kg −1 , respectively. For sulfadiazine, the ranges for the raw manure, the solid fraction, the liquid fraction and the storage lagoon on the first farm were 0.0-9.1 µg kg −1 , 55.0-764.1 µg kg −1 , 0.0-10.3 µg kg −1 and < 3.5-5.0 µg kg −1 , respectively. On the second farm the ranges were < 3.5-67.9 µg kg −1 , 130.0-387.5 µg kg −1 , 12.0-70.7 µg kg −1 and < 3.5-15.6 µg kg −1 , respectively. Statistical analysis of the results indicated a significant difference between the solid fraction and the other fractions sampled (p < 0.001) for both antibiotics. For doxycycline there was also a significant difference between the raw manure and the storage lagoon (p = 0.003). However, there was no significant difference between the liquid fraction and the storage lagoon for neither doxycycline nor sulfadiazine.
Quantification of antibiotic resistance genes
Concerning the antibiotic resistance genes, the results are presented in Table 3 . For the genes encoding for ribosomal protection proteins, comparable results were obtained with respect to the differences observed between the fractions sampled. The magnitude of the differences observed was different on farm one and farm two which were sampled in spring and winter, respectively. For both farms, a significant reduction of the relative abundance of the selected genes encoding for ribosomal protection proteins with at least 1 log on the first farm and at least 0.5 log on the second farm was observed between the liquid fraction and the storage lagoon (maximum p-value = 0.002), with the exception of tet(W) on the second farm for which no significant difference was observed. The mean relative abundance for the different genes encoding for ribosomal protection proteins between the liquid fraction and the storage lagoon on the first farm was reduced with 1.65 log, 1.24 log, 1.11 log and 1.30 log for tet(M), tet(O), tet(Q) and tet (W), respectively. On the second farm the reductions were 0.62 log, 0.51 log, 0.62 log and 0.45 log, respectively. As comparable results were obtained for the genes encoding for ribosomal protection proteins, the results for tet(O) are presented in Fig. 1 as an example.
The results for the efflux pump genes were considerably different from the genes encoding for ribosomal protection proteins. For tet(L), a significant difference (p < 0.001) was observed between the two farms but the differences between the samples collected were independent of the farm. This resistance gene did not show any significant difference between the raw manure, the liquid fraction and the storage lagoon. The results observed for tet(B) were divergent for the two farms. On the first farm, which was sampled during spring, a significant reduction (p < 0.001) of the relative abundance of tet(B) with 1.61 log was perceived between the liquid fraction and the storage lagoon. On the second farm, which was sampled during winter, there was no significant difference before and after the manure treatment. These results are presented in Fig. 2 .
Sul2 showed contrasting results to the ones described for the tetracycline resistance genes as a significant increase of the relative abundance with 0.50 log was found between the liquid fraction and the storage lagoon (p = 0.025) on the second farm. On the first farm, no significant increase nor reduction was observed between these two fractions. For erm(B), significant reductions in relative abundance with 1.58 log and 0.54 log were observed on the first and the second farm, respectively. With regard to erm(F), a significant increase in relative abundance with 0.49 log was observed on the second farm only.
Overall, the relative abundances of the efflux pump genes were about 1 log lower than the relative abundances of the genes encoding for ribosomal protection proteins.
Detection of zoonotic bacteria and E.coli
The results obtained for the zoonotic bacteria and E. coli are shown in Table 4 and were different for both farms. On the first farm, which was sampled during spring, the results showed that Salmonella Typhimurium can be present in the different stages preceding the swine manure treatment but it was below the limit of detection in the storage lagoon. Campylobacter coli was recovered from the liquid fraction only. For E. coli, an indicator organism, direct plate counts could only be carried out in the stages preceding the swine manure treatment. For the samples originating from the storage lagoon estimations were made after enrichment, showing a reduction of E. coli after swine manure treatment. As estimations had to be made for the storage lagoon samples, the exact reduction between the liquid fraction and the storage lagoon could not be calculated, however, overall the reduction was about 2-3 log. On the second farm, which was sampled during winter, Salmonella was not recovered from any of the samples. Campylobacter coli was isolated from all fractions, with the exception of the liquid fraction and overall the total cfu/g was about 1-2 log lower in the storage lagoon compared to the raw manure. Regarding E. coli, overall a reduction of about 1-1.5 log was observed after biological nitrogen removal from the liquid fraction of the manure. The reduction was about 2-3 log when the raw manure was compared to the samples from the storage lagoon.
Discussion
Due to the intensive swine farming and the implementation of the guidelines for the reduction of nitrates in the environment, manure treatment technologies have been increasingly applied. The focus of this study was on the effect of biological nitrogen removal from swine manure on the presence and fate of antibiotic residues, antibiotic resistance genes and zoonotic bacteria (including E. coli as indicator organism) as this is the most used practice in Belgium to treat swine manure (Vlaams Coördinatiecentrum Mestverwerking, 2017) .
Concerning the antibiotic residues, to the best of our knowledge, no data are available in literature on their fate during biological nitrogen removal from swine manure. The results presented in this study show that there appears to be a reduction of the amount of antibiotic Table 2 Overview of the antibiotic residue concentrations and the mean (µg kg −1 ) for doxycycline (DOX) and sulfadiazine (SDZ) recovered from the different stages of the biological nitrogen removal from swine manure on both farms. NA: Fraction not sampled; < LOQ: Below limit of quantification, LOQ for SDZ is 3.5 µg kg −1 There is a two-week interval between the time points.
T. Van den Meersche, et al. Ecotoxicology and Environmental Safety 175 (2019) 29-38 NA: Fraction not sampled There is a two-week interval between the time points.
T. Van den Meersche, et al. Ecotoxicology and Environmental Safety 175 (2019) 29-38 residues present in the storage lagoon compared to the liquid fraction, however, this reduction was not statistically significant. This is probably due to the high variation between the data points and the limited amount of data points available for statistical analysis (Table 2) . Therefore, additional data are needed to confirm these findings. Statistical analysis does however show that biological nitrogen removal from swine manure may indeed be a tool to reduce the amount of certain antibiotic residues present in the swine manure as a significant reduction was observed between the raw manure and the storage lagoon for doxycycline. For the tetracyclines and sulfonamides, biodegradation in the aqueous phase or on the surface of particles as well as hydrolysis and photolysis have been reported as important removal pathways (Sharma et al., 2016) . Half-lives of antibiotics have also been shown to be lower in water matrices as compared to soil or manure especially in the presence of light due to photochemical transformation (Schmitt et al., 2017) . For sulfadiazine, half-lives of about 32 h and up to 30 days have been reported in water and in manure, respectively (Schmitt et al., 2017; Sukul et al., 2008) . For doxycycline, no information on half-lives in water are available and half-lives in manure range from 52 to 100 days (Schmitt et al., 2017) . In addition, it has also previously been reported that ultraviolet (UV) light enables the breakdown of antibiotic residues (Keen and Linden, 2013; Yuan et al., 2011) . In the present study, the reduction of antibiotic residues was more pronounced on the first farm which was sampled during spring. The UV dose used during the experiments described by the authors above was much higher than the one from sunlight exposure of the lagoon. However, the UV treatments are very limited in time whereas the storage lagoon is subjected to sunlight for long periods of time. Further research on the effect of long-term exposure to sunlight or low UV doses are needed to assess this hypothesis. A change in temperature might also explain the reductions seen, as the reductions are more pronounced on the first farm, which was sampled in spring, compared to the second farm, which was sampled during winter. As there is less bacterial activity during winter there might be less biodegradation of these antibiotic residues by microorganisms (Hu et al., 2010; Sharma et al., 2016) . It is therefore useful to take samples for a longer period of time, including the summer and therefore higher temperatures and prolonged sunlight exposure, or until the effluent is used as a fertilizer to be able to confirm these preliminary findings. With regard to the solid fraction, an enrichment of the antibiotic residues was observed. This enrichment is due to the fact that this fraction has a dry matter content which is ten times higher than in the other fractions collected (data not shown), thereby increasing the adsorption of the antibiotic residues to organic compounds or bivalent cations (Schmitt et al., 2017; Teixidó et al., 2012) . As in Flanders this solid fraction is mostly exported after composting, which is not always carried out at the same location as the biological removal of nitrogen from swine manure as it is not part of the same process, this practice could not be further investigated during the present study. However, previously published studies showed that composting reduced the concentration of antibiotic residues present in swine manure (Kim et al., 2012; Selvam et al., 2012b; Wu et al., 2011) . In the study conducted by Selvam et al. (2012) , chlortetracycline and sulfadiazine were removed after 21 days and 3 days, respectively. With regard to ciprofloxacin, 17-31% of the antibiotic remained in the composting pile (Selvam et al., 2012b) . Kim et al. (2012) , showed that the decrease in extractable concentration of chlortetracycline, sulfamethazine and tylosin were of 96%, 99% and 95%, respectively (Kim et al., 2012) . In another study conducted by Wu et al. (2011) , chlortetracycline, oxytetracycline and tetracycline were degraded by 74%, 92% and 70%, respectively (Wu et al., 2011) . For the antibiotic resistance genes, no previously published data on their fate during biological removal of nitrogen from swine manure are available in literature. As mentioned in the results section, the relative abundances of the efflux pump gene levels were lower than the relative abundances of the ribosomal protection protein gene levels. This result was expected as Gram-positive bacteria with a low G+C% content are the most abundant species in the gut and genes encoding for ribosomal protection proteins are of Gram-positive origin with a low G+C% content (Patterson et al., 2007) . Of all of the genes encoding for ribosomal protection proteins studied, tet(M) was the most abundant in all of the samples. This result is in line with the fact that this resistance gene can be present in both Gram-positive and Gram-negative bacteria and it was the most commonly detected resistance gene among bacteria studied this far (Roberts, 2005) . The reductions of the relative abundances of the antibiotic resistance genes were less pronounced on the second farm compared to the first one and this was especially true for tet(B) for which no significant reduction could be shown on the second farm. This could be due to the time of sampling (winter vs. spring) as previous studies have already shown that sunlight tends to create extreme water-quality conditions with elevated pH and supersaturated oxygen, which suggests that light-associated factors may influence antibiotic resistance gene degradation rate. This was observed previously for tetracycline resistance genes by Engemann et al. (2006) . Peak et al. (2007) also observed that resistance gene levels are highly seasonal in wastewater lagoons with concentrations being 10-100 times greater in the autumn compared to the summer (Peak et al., 2007) . With regard to the significant increase in relative abundance of erm(F) on the second farm, Tien et al. (2017) reported that this resistance gene was significantly more abundant in anaerobically digested dairy manure than in the raw manure (Tien et al., 2017) . This could be due to the fact that some microorganisms are enriched during waste treatment (Tien et al., 2017) . In light of the results from the present study, this suggests that some resistance genes might be more abundant after treatment of the of tet(B) )) is presented for the different fractions sampled on both farms. *: significantly different from the other fractions sampled. manure. As varying results were obtained for the resistance genes studied, the results from the present study cannot be extrapolated to other resistance genes without further research. However, biological swine manure treatment caused a reduction of the relative abundance of most of the antibiotic resistance genes studied, indicating the potential of this type of treatment for the reduction of antibiotic resistance genes present in swine manure. Concerning the solid fraction, previously published studies have reported that antibiotic resistance gene concentrations were reduced after composting of the solid fraction (Selvam et al., 2012a; Wang et al., 2012) . In the first study, tet(Q), tet (W), tet (C), tet (G), tet (Z), tet (Y), sul1, sul2, dfrA1, dfrA7, gyrA and parC were reduced to below the limit of detection (Selvam et al., 2012a) . The second studied showed a decrease of erm(A), erm(C), erm(F), erm(T), erm(X), tet (G), tet(M), tet(O), tet(T) and tet(W) of 4 and 7 log for the erythromycinand the tetracycline-resistant bacteria, respectively. This indicates that composting of this fraction, as occurs in Belgium prior to export, is a potential way for reducing the level of antibiotic resistance genes. This practice was however not investigated during the present study as it is not part of the biological removal of nitrogen from swine manure and it was not carried out on either of the farms under investigation.
Regarding the zoonotic bacteria, we may hypothesize that a reduction of the studied zoonotic bacteria occurs as we observed a reduction to below the limit of detection of the studied zoonotic bacteria on the first farm and a partial reduction on the second farm. Furthermore, a reduction of 1-3 log after biological nitrogen removal from swine manure was observed for E. coli, which supports our hypothesis. Previous studies have also shown a decrease during biological removal of nitrogen from swine manure for Salmonella (Riaño and García-González, 2014; Vanotti et al., 2005; Viancelli et al., 2013) . With regard to Campylobacter coli, the presence of oxygen during the aerobic phase might explain the reduction as these are microaerophilic bacteria (Payot et al., 2004) . There might also be competition for resources as the biological removal of nitrogen from manure is carried out by nitrifying and denitrifying bacteria. In addition, environmental factors such as temperature and sunlight might explain the reduction seen for these zoonotic bacteria (Riaño and García-González, 2014) . The results presented in the present study indicate that swine manure treatment can be a tool to reduce the zoonotic bacteria present in the swine manure.
The results presented in this study indicate that the use of effluent as a potassium fertilizer will have a lower impact on the environment as compared to the use of raw manure when comparable amounts are used on the arable land as a reduction was observed for the antibiotic residues, most of the antibiotic resistance genes and for the zoonotic bacteria. However, the antibiotic residue concentrations present in the effluent may still cause resistance selection as it has been shown that concentrations up to 100-fold below the minimal inhibitory concentration of the susceptible wild-type strain can still select for resistant bacteria and the epidemiological cutoff value for doxycycline is between 0.5 mg/L and 8 mg/L depending on the bacterial species (Andersson and Hughes, 2014; EUCAST, 2018; Jechalke et al., 2014) . The use of effluent may also promote the dissemination of antibiotic resistance genes as these are still present in this type of matrix and reinfection with zoonotic bacteria is not excluded as these might also be present after biological removal of nitrogen from swine manure, although the levels are lower than in the raw manure. Furthermore, in Flanders, approximately twice as much effluent may be used per ha compared to raw manure and the effluent will most likely be used in combination with manure fertilization and will not replace it as the effluent is a potassium fertilizer and does not contain enough nitrogen for plant growth. This implies that the practice of biological manure treatment in order to alleviate the N surplus may inadvertently increase the dissemination of antibiotic residues, antibiotic resistance genes and zoonotic bacteria into the environment if the effluent is used in combination with raw manure. As no data are available on the actual usage of effluent, it is difficult to assess the true burden of this practice on the environment. In addition, the amount of manure which can be applied is determined by guidelines which may differ depending on the region. However, we attempted to carry out an evaluation of some possible scenarios using the mean doxycycline concentration over both farms as an example.
In the first scenario, raw manure is used without the addition of any other fertilizer. This practice is carried out by farmers with no excess of manure. In this case, antibiotic residues, antibiotic resistance genes and zoonotic pathogens may be disseminated in the environment upon fertilization if these emerging pollutants are present in the raw manure. The results obtained in the present study indicate that high concentrations of doxycycline and high relative abundances of most of the antibiotic resistance genes studied may be present in the swine manure. Salmonella Typhimurium and Campylobacter coli can also be present in high numbers. When using doxycycline as an example this means that 38.0 g ha −1 will end up on the arable land. The calculation was made by using the mean doxycycline concentration (960.5 µg kg −1 ) and the maximal dose of pig manure which may be applied (39.5 t ha -1) as Flanders is a NVZ. In regions which are not listed as NVZ, higher amounts of manure may be applied, resulting in the dissemination of higher amounts of these emerging pollutants in the environment.
In a second scenario, the raw manure is used in combination with the effluent. This practice is carried out when farmers choose to treat their surplus of manure by means of the biological removal of N from 1 10-10 2a -1,2.10 4 1-10 a -9,8.10 3 2-20 a -5,7.10 3 --0,2-2 a 2 10-10 2a -5,5.10 3 1-10 a -5,7.10 4 20-200 a 20-200 a 1,1.10 4 --0,2-2 a 3 1-10 a -8,5.10 4 --8,7.10 4 0,2-2 a 20-200 a 1,2.10 5 --0,02-0,2 a 4 --7,0.10 3 --4,0.10 2 0,2-2 a 20-200 a 5,8.10 3 --0,2-2 a 5 --1,0.10 2 --NA 0,2-2 a -2,0.10 2 --20-200 a 6 0,1-1 a -10 2 -10 3a --6,2.10 3 -2-20 a 6,4.10 2 --2-20 a 1 -10 2 -10 3a 6,2.10 4 -10 2 -10 3a 6,8.10 4 --2,1.10 4 -0,2-2 a 2,0.10 2 2 -10 2 -10 3a 1,9.10 5 --6,4.10 4 --7,6.10 3 --2,2.10 2 3 -10-10 2a 4,1.10 5 -10-10 2a 2,6.10 4 --2,3.10 3 -0,2-2 a 3,8.10 2 4 -10-10 2a 7,0.10 2 --2,6.10 4 --3,1.10 3 --20-200 a 5 -10 2 -10 3a 4,3.10 3 -10 2 -10 3a 5,5.10 4 --6,8.10 2 -2-20 a 2,6.10 2 6 --1,4.10 5 --3,0.10 3 --6,4.10 2 --2,6.10 2 Numbers 1-6: sampling time points with a two-week interval between the time points. NA: Fraction not sampled. a Estimation after enrichment of dilution series. swine manure. In this case, the burden of both fractions has to be added up. As data on actual application of effluent are not available, a scenario with the maximal application rate of effluent was calculated. For doxycycline this means that 39.0 g ha −1 will end up on the arable land. This concentration is the sum of the doxycycline residues present in the effluent and in the raw manure. As 50 t of effluent have already been applied, the application of raw manure is restricted to 150 kg N ha −1 . For the effluent, the concentration of doxycycline is 5.5 g ha −1 and for the raw manure it is 33.5 g ha −1 . This concentration is similar to the previous scenario. A third scenario is the combination of effluent with a mineral fertilizer. In this scenario, the burden on the environment will be the lowest as only the effluent causes entry of the studied emerging pollutants into the environment. Even if 50 t of effluent are applied, the burden on the environment will still be lower as compared to the use of raw manure alone. As calculated above, 5.5 g ha −1 of doxycycline will end up on the arable land. In terms of the studied emerging pollutants, this scenario is the most optimal. However, this last practice is not always feasible in Flanders as this is a region with high manure surplus and the biological removal of N from swine manure is expensive. In addition, mineral fertilizers would have to be purchased in order to ensure enough nutrients for plant growth, adding up to the costs.
In conclusion, further studies are needed to verify whether the reduction of certain antibiotic residues, several antibiotic resistance genes and the studied zoonotic bacteria is caused by the manure processing, by environmental factors or a combination of both. This will allow farmers to use the effluent during periods when the amount of antibiotic residues, antibiotic resistance genes and zoonotic bacteria is low, especially when the effluent is used to fertilize vegetables which are consumed raw.
